1. Introduction {#sec1}
===============

Dopamine (DA), as one of the important neurotransmitters, plays a significant role in the function of the central nervous, renal, and hormonal systems. It has also been reported that low level of DA may result in some diseases such as Parkinson\'s disease and schizophrenia \[[@B1]\]. Therefore, the rapid and sensitive detection of dopamine is both necessary for diagnostic and pathological research \[[@B2]\]. For this reason, in the past several years, a variety of analytical techniques has been proposed for determination of dopamine in biological samples \[[@B3]--[@B5]\]. Among those methods, voltammetric techniques have attracted more and more interest for many researchers due to its quick and high response for the electrochemical oxidation of DA. The voltammetric methods mainly depend on the chemical modification of traditional electrode materials with self-assembled monolayer \[[@B6]\], metal and metal oxide nanoparticles \[[@B7], [@B8]\], carbon materials \[[@B9], [@B10]\], and conducting and/or electrochemically generated polymers \[[@B11], [@B12]\]. However, in biological samples electrochemical determination of dopamine is usually interfered by ascorbic acid and uric acid, and for this reason the selectivity of electrochemical sensors required for dopamine determination in biological samples is important. To solve this problem, several techniques have been used for anti-interfering of ascorbic acid, uric acid, and other interferents, such as Nafion film \[[@B10]\], charged self-assembled monolayers \[[@B13]\], and conducting polymers \[[@B14], [@B15]\].

Recently, a new two-dimensional (2D) carbon material, graphene (GR), attracts much attention in fabricating electrochemical biosensors \[[@B16], [@B17]\] because of its unique properties such as exceptional thermal and mechanical properties, large surface to volume ratio, and high electrical conductivity. DA has also been detected on graphene modified electrode. For example, Gao et al. \[[@B18]\] have reported that DA can be selectively determined on a graphene-chitosan nanocomposite modified electrode and the interference from AA can be completely eliminated by the modified layer with high sensitivity and selectivity.

Electrodes modified with gold, platinum, palladium, copper, nickel, and silver nanoparticles have revealed good performances in catalysis, facilitation of mass transport, and increase of effective surface area \[[@B19]--[@B22]\]. However, compared with noble metal nanoparticles and the other in situ preparation of electrodeposition nanoparticles, copper hydroxide and nickel hydroxide can be prepared cheaper and easier.

In this paper, nitrogen doped graphene was prepared and used to modified glassy carbon electrode and then copper and nickel oxide were electrodeposited onto the N-GR modified GCE. Using NaOH as electrolyte, the electrodeposited Cu/Ni oxide on the N-GR modified GCE can be transformed to be Cu/Ni hydroxide by cyclic voltammetric activation. The as-prepared electrode was used to investigate the electrochemical response of DA. It is found that DA can occur near-reversible electroreaction on this composite electrode, cyclic voltammograms of DA showed peak separation of 25 mV and symmetrical redox currents, and the kinetics of electrode reaction constant has been calculated to be 6.18 × 10^−3^ cm/s, which is similar to the rate constant of 10^−2^ cm/s. The proposed modified GCE has been used for DA with detection limit of 3.3 × 10^−8^ mol/L, favorable stability, reproducibility, and recoveries.

2. Experimental {#sec2}
===============

2.1. Instruments and Chemicals {#sec2.1}
------------------------------

The nitrogen doped reduced graphene was prepared using a Teflon container with microwave. All the electrochemical experiments were carried out using CHI660A electrochemical workstation (USA) with three-electrode cell, modified GCE as working electrode, Ag-AgCl as reference, and Pt wire as counter electrode. The characterization of N-GR was confirmed at S-4800 SEM (Japan) and FTIR.

Dopamine, uric acid, ascorbic acid, sodium dodecyl benzene sulfonate (SDBS), and other chemicals were purchased from Shanghai Chemical Corporation (Shanghai, China), and all those are of analytical grade and used as received. Nafion (Aldrich). Phosphate buffer solution was prepared with NaH~2~PO~4~ and Na~2~HPO~4~; the pH value was adjusted by NaOH and H~3~PO~4~ to a suitable value.

2.2. Synthesis of N-GR {#sec2.2}
----------------------

N-GR was synthesized according to the reference \[[@B23]\] with minor modifications. Briefly, the prepared graphene oxide was sonicated and dispersed for 1 h in pure water to keep its concentration of 2 mg/mL. Then the dispersed solution was centrifugally separated for 5 min at 1000 rpm to remove the unresolved GO residues. The as-prepared GO solution was adjusted to pH 10 with 30% aqueous ammonia, and 2 mL hydrazine hydrate was added and magnetically stirred for 10 min and then the mixed solution was transferred into a Teflon autoclave to react for another 3 h at 80°C with microwave. The synthesized N-GR was magnetically stirred, washed, and vacuum dried at 50°C. The prepared material was characterized by SEM and FTIR. Seen from the figures of N-GR, the sheets of N-GR fold together and frizzle on the edge of N-GR; this is the traditional feature of graphene. Comparing with the FTIR spectra of graphite oxide and N-GR, the spectra is much simple for N-GR, indicating that during the chemical reaction of hydrazine hydrate with graphite oxide, most of the groups containing oxygen have been removed and constructed graphene containing doped nitrogen, and the 1565 cm^−1^ absorption peak conferred the existence of C=C bond \[[@B24]\]; all those conferred the synthetic process of N-GR (figure not shown).

2.3. Preparation of Modified Electrodes {#sec2.3}
---------------------------------------

Preparation of N-GR Nafion modified GCE: 3 mg N-GR was added into 100 *μ*L 5% Nafion and 900 *μ*L 0.5% SDBS and magnetically stirred for 3 h to get a mixed suspension. Then 3 *μ*L of the suspension was dropped onto the cleaned GCE surface and dried.

Preparation of Cu-Ni(OH)~2~/N-RG/Nafion/GCE: the N-GR/Nafion GCE was dipped into 1.0 × 10^−3^ mol/L Cu^2+^ + 1.0 × 10^−3^ mol/L Ni^2+^ + 1.0 × 10^−4^ mol/L SDBS + 0.1 mol/L KCl (pH 5.0 ), three-electrode cell, and the modified GCE was handled with cyclic voltammetric sweeping from 1.2 V to −1.2 V for 20 scans at 100 mV/s. Then the as-prepared GCE was transferred into 0.3 mol/L NaOH for cyclic voltammetric scanning for 40 scans in the potential range of −0.2 V to 0.8 V at 100 mV/s. The modified GCE was labeled as Cu-Ni(OH)~2~/N-GR/Nafion/GCE. The other single-metal oxide modified GCE was prepared by the same procedure only by dipping Cu^2+^ or Ni^2+^-SDBS-KCl solution.

2.4. Electrochemical Investigation {#sec2.4}
----------------------------------

The modified GCE was characterized by electrochemical impedance spectroscopy (EIS) in 0.1 mol/L KCl containing 1 mM Fe(CN)~6~ ^3−/4−^; the potential was set at 0.26 V in the frequency range from 0.01 Hz to 10^5^ Hz. In PBS with different pH values, the electrochemical behaviors of DA were investigated by cyclic voltammetry and differential pulse voltammetry (DPV). The DPV parameters are as follows: scan rate, 50 mV/s; amplitude, 0.05 V; and pulse width, 0.05 s. All the electrochemical experiments were carried out at room temperature (20 ± 2°C) and pure water was used throughout.

3. Results and Discussion {#sec3}
=========================

3.1. The Electrochemical Deposition of Cu-Ni Oxide Composite and Its Activation {#sec3.1}
-------------------------------------------------------------------------------

[Figure 1(a)](#fig1){ref-type="fig"} is the cyclic voltammograms (CVs) of electrochemical deposition of Cu-Ni oxide composite onto N-GR/Nafion/GCE. As can be seen from the figure, with increasing of scanning number, the two pairs of peaks (labeled as 1 and 2, 3, and 4) increased gradually. Comparing with the CVs of mono-electrodeposition of Cu and Ni oxide, the peaks 1 and 2 can be attributed to the electrodeposition of Ni oxide, and peaks 3 and 4 can also be attributed to Cu oxide electrodeposition onto the N-GR/Nafion/GCE surface. The peaks 1 and 2 arose from the redox of Ni(III)/Ni(II) and the peaks 3 and 4 arose from the redox of Cu^+^/Cu^2+^ and Cu^2+^/Cu.

[Figure 1(b)](#fig1){ref-type="fig"} is the CVs of electrochemical activation of Cu-Ni oxide/N-GR/Nafion/GCE in 0.3 mol/L NaOH. As can be seen, a pair of redox peaks appeared at 0.48 V and 0.36 V, and this pair of peaks can be attributed to the redox of NiOOH/Ni(OH)~2~ \[[@B25]\]. However, the redox peaks shift a lot, and maybe the potential shifting is attributed to the generation of Cu(OH)~2~ at the composite surface, the potential shifts positively, and peak separation increased.

3.2. Electrochemical Characterization of Cu-Ni(OH)~2~/N-GR/Nafion/GCE {#sec3.2}
---------------------------------------------------------------------

By using Fe(CN)~6~ ^3−/4−^ as redox probe, bare and modified GCE as working electrode, the EIS was utilized to character the surface of electrodes. As can be seen from [Figure 2](#fig2){ref-type="fig"}, the bare GCE can be observed with a little circle in high frequency and a line in low frequency at 45° (curve a). When GCE was modified with N-GR/Nafion, a large semicircle was observed in high frequency and a 45° line was observed in low frequency (curve b), as N-GR is a conducting carbon material, so the increase of resistance of charge transfer (*R* ~ct~) may be attributed to the negatively charged Nafion film, which makes the Fe(CN)~6~ ^3−/4−^ difficult to reach GCE surface. When the N-GR/Nafion/GCE was further electrodeposited Cu(OH)~2~, the Nyquist plot can be seen with a line in all frequency (curve c); this phenomenon may be explained that electrodeposited Cu(OH)~2~ on N-GR/Nafion film counteracts effectively the negatively charged Nafion film and built some charge transfer passage to facilitate the approaching of Fe(CN)~6~ ^3−/4−^. While N-GR/Nafion/GCE was electrodeposited with Ni(OH)~2~, a huge semicircle was observed (curve d), indicating that Ni(OH)~2~ film deposited onto N-GR/Nafion film further hinder the approach of probe ions to the electrode surface. Comparing with the Nyquist plots of electrodeposition of Cu(OH)~2~, Ni(OH)~2~ and Cu-Ni(OH)~2~ onto N-GR/Nafion/GCE, it can be seen that the Nyquist plot of Ni(OH)~2~/N-GR/Nafion/GCE (curve e) has a *R* ~ct~ (larger than N-GR/Nafion/GCE and lower than Ni(OH)~2~/N-GR/Nafion/GCE), indicating that the co-deposited Cu(OH)~2~ still built some charge transfer passage in the composite Cu-Ni(OH)~2~ film, and the codeposition of Cu-Ni(OH)~2~ facilitates the electron transfer and redox reaction of Fe(CN)~6~ ^3−/4−^ on the electrode surface. All the EIS results are in accordance with those of cyclic voltammetry.

3.3. Electrochemical Behavior of DA on Different Electrodes {#sec3.3}
-----------------------------------------------------------

The electrochemical behaviors of DA at different electrodes were investigated in PBS (pH = 6.5) in the potential of −0.2 V to 0.6 V ([Figure 3](#fig3){ref-type="fig"}). As can be seen, no redox peaks can be observed at Cu(OH)~2~/N-GR/Nafion/GCE (curve c), indicating that the electrooxidation of DA can be hindered on this film, maybe the retardation of low electroactive copper hydroxide towards the electrooxidation of DA, while on the bare GCE, N-GR/Nafion/GCE, Ni(OH)~2~/N-GR/Nafion/GCE, and Cu-Ni(OH)~2~/N-GR/Nafion/GCE, a pair of redox peaks can be observed with different peak currents and peak separation. Comparing with the four cyclic voltammograms, very little currents (0.53 *μ*A) and unproducible CVs can be seen at bare GCE, indicating that DA undergoes surface passivation process at bare GCE. When N-GR was modified onto GCE, the cyclic voltammetric current increased to 1.963 *μ*A, indicating the electrocatalytic behavior of N-GR towards DA, but the electrocatalytic current is only four times than that of bare GCE. Further modification of Ni(OH)~2~ onto N-GR/Nafion film, large peak current (11.02 *μ*A), and low peak separation (Δ*E* ~p~ = 56 mV) can be seen, which indicated that Ni(OH)~2~ and N-GR can effectively electrocatalyze the electrooxidation of DA; it is obvious that electrocatalytic activity towards DA arises from electrodeposited Ni(OH)~2~. However, the codeposition of Cu-Ni(OH)~2~ onto N-GR/Nafion/GCE, a pair of reproducible and symmetrical redox peaks can be seen with large peak current (23.74 *μ*A); *E* ~pa~ = 0.238 V and *E* ~pc~ = 0.213 V and low peak separation (Δ*E* ~p~ = 25 mV). The possible explanation of Ni(OH)~2~ film maybe the electrocatalysis of Ni(III)/Ni(II) towards the electrooxidation of DA, and coelectrodeposition of Cu-Ni(OH)~2~, and the copper hydroxide can build conducting passage on the composite film, facilitating the electron transfer between DA, which is similar to the process in the previous cyclic voltammetric and EIS experiments. The strong electrocatalysis of codeposition of Cu(OH)~2~-Ni(OH)~2~ towards DA may be attributed to the facilitating of electron transfer and electrocatalysis of NiOOH/Ni(II) towards electrooxidation of DA.

3.4. Influence of Supporting Electrolyte and pH Value {#sec3.4}
-----------------------------------------------------

Supporting electrolyte can affect the electrochemical properties of electrode and the electrochemical reaction of analytes. In this experiment, different electrolytes (PBS, Britton-Robinson, HCl, HAc, NaAc-HAc, KCl) with different pH values (pH = 6.0 to 8.5) have been used to investigate the electrochemical behavior of DA at Cu-Ni(OH)~2~/N-GR/Nafion/GCE. It is found that the electrochemical behavior of DA showed favorable redox properties in PBS, so in the latter experiments, 0.1 mol/L PBS was chosen as the supporting electrolyte.

The effects of pH values of electrolyte on the electrochemical behaviors of DA have also been investigated. [Figure 4](#fig4){ref-type="fig"} is the CVs of 0.03 mmol/L DA at different pH values (from 6.0 to 8.0), and the inset graph is the peak potential versus pH. It is found that the peak currents are the largest in pH 6.5 PBS, and the redox peak potential is linear to pH, and the regression equations are *E* ~pa~(V) = 0.6146 − 0.05314  pH, *R* = 0.9923; *E* ~pc~(V) = 0.5042 − 0.04474  pH, *R* = 0.9961. The slopes of two linear equations are close to the slope about "two protons and two electrons mechanism" (55.8 mV/pH), indicating that DA in this electrode underwent an electrochemical process of two protons and two electrons \[[@B26]\].

3.5. Effect of Scan Rate on the Electrochemical Behavior of DA {#sec3.5}
--------------------------------------------------------------

[Figure 5(a)](#fig5){ref-type="fig"} is the CVs of 0.03 mmol/L DA at different scan rate. As can be seen, the peak current is linear to the square root of scan rate with regression equations of *I* ~pa~ = 0.7839 − 0.9538*ν* ^1/2^, *R* = 0.9994; *I* ~pc~ = −6.268 + 1.826*ν* ^1/2^, *R* = 0.9949. The results indicate that the electrochemical behavior of DA is diffusion-controlled.

In a further investigation of the effect of scan rate on peak potential, it is found that the redox peak potential is linear to the natural logarithm of scan rate with the regression equation of *E* ~pa~ = 0.2619 + 0.011ln⁡*ν*, *r* = 0.9896; *E* ~pc~ = 0.1915 − 0.010ln⁡*ν*, *r* = 0.9893. Based on the quasireversible current theory \[[@B27]\], Wang et al. have calculated the diffusion coefficients of DA by steady state voltammetry (*D* = 4.9 × 10^−6^ cm^2^/s) \[[@B28]\]. According to \[[@B29]\], $$\begin{matrix}
{E_{\text{pa}} = E^{\theta} + m\left\lbrack {0.78 + \ln\frac{\sqrt{D}}{k_{s}} - 0.51\ln\, m} \right\rbrack + \frac{m}{2}\ln\nu} \\
{m = \frac{RT}{\left( {1 - \alpha} \right)n_{\alpha}F},} \\
{E_{\text{pc}} = E^{\theta} - m^{\prime}\left\lbrack {0.78 + \ln\frac{\sqrt{D}}{k_{s}} - 0.51\ln\, m^{\prime}} \right\rbrack - \frac{m^{\prime}}{2}\ln\nu} \\
{m^{\prime} = \frac{RT}{\alpha n_{\alpha}F}.} \\
\end{matrix}$$

Based on the slope of the regression equation, (1 − *α*)*n* ~*α*~ = 1.168, *n* ~*α*~ *α* = 1.284 can be calculated. When *a* = 0.4 to 0.6, then *n* can be calculated to be 2; this indicates that the two-electron transfer is processed in one step. And rate constant of electrode reaction of DA can also be calculated to be *k* ~*s*~ = 6.627 × 10^−3^ cm/s and *k* ~*s*~ = 6.609 × 10^−3^ cm/s; the average value is 6.618 × 10^−3^ cm/s. According to the kinetics of electrode process, when the rate constant is larger than 10^−2^ cm/s, the electron transfer process is very fast, and the electrode reaction is reversible, and when 10^−4^ \< *k* ~*s*~ \< 10^−2^ cm/s, the electrode reaction is a quasireversible process. So the electrochemical reaction of DA on the proposed electrode is a quasireversible process or near reversible process, which is the synergistic electrocatalysis of N-GR and Cu-Ni(OH)~2~ composite film to lead the quasireversible or near-reversible electrooxidation of DA.

3.6. Determination of DA {#sec3.6}
------------------------

The proposed modified GCE has the favorable electrochemical response towards DA, so it has been used for determination of DA. To improve the sensitivity of the proposed method in detection of DA, differential pulse voltammetry (DPV) has been used. It is found that the electrochemical oxidation peak DPV current is linearly proportional to its concentration in the range from 1.0 × 10^−7^ mol/L to 4.6 × 10^−5^ mol/L with the regression equation of *I* ~*p*~ (*μ*A) = −0.5812 − 2.148*c* (*μ*mol/L), *R* = 0.9981, respectively, ([Figure 6](#fig6){ref-type="fig"}). The detection limit can be calculated to be 3.3 × 10^−8^ mol/L (*S*/*N* = 3).

3.7. Stability, Reproducibility, and Accuracy of Cu-Ni(OH)~2~/N-GR/Nafion/GCE {#sec3.7}
-----------------------------------------------------------------------------

To further investigate of the stability, reproducibility, and accuracy of the proposed modified GCE towards DA, cyclic voltammetric scanning of the proposed modified GCE towards the electrochemical behavior of 3 × 10^−5^ mol/L DA has been accomplished. It is found that the redox currents and peak potentials keep almost unchanged after 20 scans; the relative standard deviation (RSD) of the currents is 2.1%, which indicates that the proposed modified GCE has favorable reproducibility.

The stability of the modified GCE was evaluated by the electrochemical response of 3 × 10^−5^ mol/L DA determined by one modified GCE in one month. It is found that the electrochemical response of DA keeps almost unchanged in one week and decreases about 5.6% in one month. This indicates that the proposed modified GCE has excellent stability. Successive modification of 5 GCEs with similar technique and investigate cyclic voltammetric response towards DA, the RSD is 4.5%, indicating the stability of the proposed modified GCE is favorable and suit for bulk preparation.

The accuracy of the proposed modified GCE was evaluated by determination of DA content by standard addition method. The proposed GCE was applied to determine the content of DA with known concentrations in water and the DA drug injections. The developed electrode exhibited exact recovery results between 98.4% and 102.6% by standard addition method. To illustrate the feasibility of proposed modified GCE for routine analysis, the electrode was applied to determine DA in dopamine hydrochloride injection solution (10.0 mg/mL DA, 2.0 mL per injection). Each sample was detected several times repeatedly. Results showed that the average value of the injection was about 9.89 mg/mL with RSD of 2.7%, which was in accordance with the standard content. The satisfactory results obtained with Cu-Ni(OH)~2~/N-GR/Nafion/GCE indicated that the proposed method can be applied to real sample assay.

3.8. Interference of Other Substances {#sec3.8}
-------------------------------------

Under the optimum conditions, the effects of some coexisting interferents upon the determination of 0.03 mmol/L DA have also been investigated ([Table 1](#tab1){ref-type="table"}). The results show that 100 times of Cl^−^, NO~3~ ^−^, K^+^, Mg^2+^, Zn^2+^, Na^+^, 100 times of AA and H~2~O~2~, and 1000 times of glucose have almost no influence on the electrochemical response of 0.03 mmol/L DA. But 100 times of uric acid will bring out big interference to the detection of 0.03 mmol/L DA. This result shows that the proposed method has favorable anti-interference ability.

4. Conclusions {#sec4}
==============

Cu-Ni(OH)~2~/N-GR/Nafion/GCE has been prepared by electrodeposition and activation with NaOH. The proposed modified GCE was studied by electrochemical methods. It is found that dopamine shows favorable redox cyclic voltammetric response on the proposed modified GCE with peak separation of 25 mV and large current compared with on single-component modified GCE. The kinetic of electrode process has also been investigated with rate constant of 6.618 × 10^−3^ cm/s, which can be deduced to be a quasireversible or near-reversible process. The proposed method has been used for DA detection with linear range of 1.0 × 10^−7^ mol/L to 4.6 × 10^−5^ mol/L; the detection limit is 3.3 × 10^−8^ mol/L. The proposed method has favorable stability and reproducibility and has also been used to determine DA in simulated samples and DA injections with favorable recoveries of 98.4% to 102.6%.
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![CVs of electrodeposition of Cu-Ni oxide (a). Electroactivation in NaOH (b) at 0.1 V/s.](JAMC2014-724538.001){#fig1}

![Nyquist plots of bare (a), N-GR/Nafion/GCE (b), Cu(OH)~2~/N-GR/Nafion/GCE (c), Ni(OH)~2~/N-GR/Nafion/GCE (d), and Cu-Ni(OH)~2~/N-GR/Nafion/GCE (e) in KCl containing 1 mmol/L Fe(CN)~6~ ^3−/4−^.](JAMC2014-724538.002){#fig2}

![CVs of 0.03 mmol/L DA on different electrodes in pH 6.5 PBS.](JAMC2014-724538.003){#fig3}

![CVs of 0.3 mmol/L DA on Cu-Ni(OH)~2~/N-GR/Nafion/GCE in PBS with different pH.](JAMC2014-724538.004){#fig4}

![(a) CVs of 0.03 mmol/L DA at Cu-Ni(OH)~2~/N-GR/Nafion/GCE at different scan rates, inset figure is the *I* ~*p*~ versus *ν* ^1/2^. (b) Peak potential versus ln⁡*ν* (b).](JAMC2014-724538.005){#fig5}

![DPVs of DA with different concentration on Cu-Ni(OH)~2~/N-GR/Nafion/GCE, inset picture is the *I* ~pa~ versus *C* ~DA~.](JAMC2014-724538.006){#fig6}

###### 

Influence of coexisting substances on the determination of 0.03 mmol L^−1^ DA (*n* = 3).

  Coexisting substance   Concentration ratio of dopamine : interferent   Current ration^a^ (%)^a^
  ---------------------- ----------------------------------------------- --------------------------
  Zn^2+^                 1 : 100                                         0.993
  K^+^                   1 : 100                                         1.01
  Cl^−^                  1 : 100                                         0.985
  NO~3~ ^−^              1 : 100                                         0.997
  Na^+^                  1 : 100                                         1.01
  Mg^2+^                 1 : 100                                         0.983
  Glucose                1 : 1000                                        1.04
  Ascorbic acid          1 : 100                                         1.04
  Uric acid              1 : 100                                         0.465
  H~2~O~2~               1 : 100                                         0.977

^a^The current ratio is defined as the ratio of currents obtained from 0.03 mmol L^−1^ DA with and without interferent.
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